This article presents adhesive shearing test methods, focusing especially on the ASTM D5656 method. These methods will be briefly characterized and compared. The most important concerns about the D5656 method are described. With the use of ASTM D1002 and D5656 methods, the influence of adherend surface preparation on shearing properties of the bond is evaluated. Compared to sandblasting only, sandblasting followed by the FPL process (sulfochromate etching of aluminum) increased shear strength of joints by 35 % for ASTM D1002 tests and by 48% for D5656 tests. Comparing these two methods, shear strength obtained in D5656 tests is about two times higher than in D1002 tests. The cause for this phenomena is much larger adherend thickness in the D5656 method, which provides the coupons with increased stiffness. Shear modulus, calculated with 3 different calculation methods, showed differences in obtained results, which points to necessary actualization of D5656 standard.
INTRODUCTION
The basis and goal for modern aircrafts is the combination of low weight of the structure with high strength and efficiency. These features are obtained by using advanced materials (i.e. high strength aluminum alloys, carbon fiber reinforced composites) and developing special construction solutions. One of these solutions is increased use of adhesively bonded joints in place of mechanical joints (fasteners, rivets etc.). The main advantage of bonded joints is their low weight when compared to mechanical joints [1, 10] . Nonetheless, using adhesively bonded joints imposes new difficulties, both in production and testing or modelling of aircraft structures. Accurate testing of mechanical properties of adhesives, especially shear modulus, is critical for developing an effective design for aircraft structures.
Problems arising during mechanical testing of adhesives properties can be divided into two categories: macro-and microscopic. The most prominent macroscopic problem is very large influence of TRANSACTIONS ON AEROSPACE RESEARCH 2 (255) 2019, pp. 27-37 DOI: 10-2478/tar-2019-0008 surface preparation of bonded material (grinding, chemical etching, etc.) on bonded joint properties, as well as on technological aspects of production (process time, special equipment required, etc.). Out of microscopic aspects of adhesives testing, especially in shear modulus tests, most important seem to be the uniformity of stress distribution in loaded joint and adhesion at adhesive/adherend interface. In the past, it was common to assume that stress in loaded joint is distributed uniformly. Nowadays, thanks to finite element analyses, such assumptions are deemed not credible. [2, 11, 12] . One of the effects of this new approach, in the case of ASTM D5656 tests [3] , is the introduction of correction factors to shear modulus calculations, taking into account non-uniformities in stress distribution [4÷6] . The main problem with using these corrections is the fact that they still haven't been officially approved by standard committees so their usage can be questioned.
Aside from the mentioned D5656 test (thick adherend shear test, TAST), shear strength of an adhesive can be measured using a variety of other methods, both in-situ (testing samples of cast adhesive), as well as bonded joints tests. In-situ tests, for example bulk torsion test, aren't widely used, mostly due to difficulties with sample manufacturing (especially with film adhesives) and the requirement of torque-applying test machine for torsion tests. Therefore, bonded joint tests are usually used, for instance butt torsion test ( Fig. 1a ), napkin ring test ( Fig. 1b ) or single shear joint tests, ½" lap shear test (ASTM D1002 - Fig. 1c ) with its improved version thick adherend shear test (Fig. 1d ). Because both Butt torsion and napkin ring test have the same limitations, bulk torsion test and single lap shear tests are default tests for adhesive shear strength and modulus evaluation. The main advantage of ½" lap shear test -its simplicity -is also its main disadvantage: coupons are easy to manufacture and test, but their very low stiffness, leading to nonuniform stress distribution in the joint, limit this test to development and comparison tests. The only test which allows to (relatively) easily determine adhesive shear strength and modulus is ASTM D5656 method and its modified version, ISO 11003 test [6] . The D5656 test method is relatively complicated and can be influenced by many factors. Specimen preparation process requires high precision cutting and drilling -misplacement of mounting holes will cause uneven loading of the specimen, leading to nonuniform stress distribution in the joint. The most challenging problem, in D5656 test as well as in adhesives' shear testing in general, is the accurate measurement of shearing strain in the joint. Original version of D5656 method introduced KGR-1 type extensometers, designed for joint shear strain measurement ( Fig. 2) [7] . Here, extensometers measure displacement of bonded adherends relative to each other. This method of measurement has 2 main problems: slipping of extensometer pins during the late stage of the test, and the fact that extensometers measure not the strain of the adhesive itself, but the strain of the adhesive and layer of the adherend between the adhesive and extensometer contact point. Therefore, strain correction is needed. It is done by measuring the strain of a pure aluminum specimen with simulated bondline thickness (assuming uniform stress distribution in material) at a given load. Obtained metal strain is then subtracted from strain measured during the test. KGR-1 extensometers are expensive, therefore some researchers try to use other ways by converting standard linear extensometers into joint strain measuring devices [4] . Nonetheless, this measurements still need metal displacement corrections, as well as calculation corrections that account for nonuninform stress distribution inside the joint. The digital image correlation (DIC) methods are promising alternatives to standard strain measurements but they still have not been standardized which limits their usage to strictly scientific purposes [8] .
METHODOLOGY
The influence of the surface preparation of 2017A aluminum alloy on shear strength and modulus of 3M AF163-2K film adhesive (293 g/m 2 aerial weight and 0.24 mm thickness) was tested. Surface preparation methods were 1) a 60 µm grain diameter alumina sandblasting alone and 2) a 60 µm grain diameter alumina sandblasting joined with chromic etching, known as the FPL etching. FPL process was done according to adhesive manufacturer guidelines, with etching solution composition given in Table 1 . For process control, 5 samples of each preparation process were tested according to D1002 test standard (½" lap shear test) [9] . Thick adherend shear specimens were tested in the same manner, 4 specimens per series, using a modified D5656 method. For shear strain measurements, instead of KGR-1, standard linear extensometers modified according to [4] , presented on Figure 3 , were used. These modifications include a 4 contact pin configuration (instead of the standard 3 pins) and adding mounting holes drilled into the sides of the specimen, which significantly decreases extensometer slippage during the test. Measured aluminum displacement (for shear strain correction) was 0.00365 mm for 4464 N load. where: p -distance between extensometer contact points on both sides of the adhesive, mm; t -adhesive thickness, mm; M -metal displacement at 4464 N load, mm; L -given load , N. Shear strain (γ i ) was calculated using equation 2: (2) where: d a -joint displacement; mm, d m -metal displacement, mm; t -adhesive thickness, mm.
Shear stress δ i was calculated according to: (3) where: F i -load, N; l -joint length, mm; w -joint width, mm.
Shear modulus G c was calculated according to equation 4: (4) where: δ 1, δ 2 -stress at points 1 and 2, in linear portion of stress-strain curve; ε 1, ε 2 -adhesive strain at these points. To test accuracy, two different calculation corrections were applied to shear moduli calculated with equation 4. The first, based on article [4] , is applied to metal displacement during the test to correct non-uniformities in joint strain: (5) where: F c -correction factor; C f -constant, equal to 1,73 for adhesive thickness given in inches, or 0.0683 for adhesive thickness given in mm; t sim -simulated adhesive thickness in pristine aluminum coupon, mm. A correction is made by multiplying aluminum displacement from eq. 1 by coefficient F c .
The second correction is based on [5] and is aimed at correcting non-uniformities in adhesive strain. This correction is based on finite element analysis of joint shearing. It is composed of two coefficients: (6) 
Correction is applied to shear modulus according to: (8) where: G ASTM -shear modulus calculated with D5656 standard.
TEST RESULTS

½" lap shear test results
Single lap shear strength was tested according D1002 test standard. Results in Table 2 show strong influence of surface preparation method on joint strength. The average shear strength of joints with aluminum being sandblasted only was 14.5 MPa, while for joints with aluminum after sandblasting followed by the FPL process was 19.6 MPa. This means 35% joint strength increase after using the FPL process. Coefficients of variation decreased for coupons after FPL process, compared to coupons after sandblasting only. Therefore, joint quality is also more uniform and repeatable after using the FPL process.
Thick adherend shear test results
Tests were primarily carried out using the thick adherend shear tests according to ASTM D5656 standard. Shearing of the joint has two stages, 1) linear, where adhesive strain is elastic and stress-strain relation is linear (shear modulus) and 2) plastic stage, where shear strain is non-elastic and stress increases much more slowly than in the elastic stage. Figure 4 presents a typical stress-strain curve for a thick adherend shear test with three characteristic points. Comparing these two series, there is clear influence of the FPL process on shear strength and modulus of the adhesive. After using the FPL process, the average LL-point stress had increased by 40 % (from 16.18 MPa to 22.68 MPa) and KN-point stress had increased by 37 % (from 22.68 MPa to 31.06 MPa). Ultimate shear strength also increased by 48%. It shows that using sandblasting as the only surface preparation process before bonding is insufficient for achieving high strength joints. Similarly to D1002 tests, coefficients of variation were lower for all measured properties in cases where the coupons underwent FPL process surface preparation. Figure 5 shows a comparison of stress-strain curves for both test series. Measured average shear modulus was 26% higher after using the FPL process, but both of the test series came with large coefficients of variation, which shows a significant range of measured values. For coupons that underwent sandblasting only, obtained values for shear modulus were between 254 and 540 MPa; for FPL process coupons were in the range of 376 to 663 MPa. Combined with the large scatter of measured LL-point strain values, it shows possible influence of extensometer placement and clearances occurring at contact points on obtained modulus values. The summary of conducted tests is presented in Figure 6 . The figure shows increased shear strength in both of the tests after using the FPL surface treatment. For D5656-tested coupons, there was a 48% increase in strength, compared to 35% increase in the case of the D1002 test. The other phenomena observed here is greater measured shear strength using D5656 method, independent of aluminum surface preparation process. For sandblasted-only coupons, shear strength obtained via the D5656 test was 91% higher, than values obtained with D1002 method. For coupons that underwent the FPL treatment, this difference increased to 109%. It can be related to much higher thickness of coupons used in D5656 test. Increased thickness provides higher stiffness of the coupon, which correlates to reduced bending and twisting of the joint during the test, which promotes more uniform shear state in the bondline. Here, different shear modulus calculation correction factors have to be taken into account. Table 5 presents results of corrections made according to equation 5 (correction factor 1) and equations 6,7 and 8 (correction factor 2). Values of moduli calculated with correction factor 1 are similar to those calculated by the D5656 standard only. The differences were 1.7% increase for average modulus of coupons after sandblasting only, and 2.5% increase after the FPL process treatment. On the other hand, correction factor 2 leads to a decrease in obtained shear moduli values by 6.1% for coupons after sandblasting and 7.3% for coupons after the FPL treatment. Applying correction factors alters obtained values, which may lead to discrepancies between experimental and applied properties of the adhesive. Use of correction factors is still not recognized by the D5656 standard, therefore only values calculated according to this standard are universally accepted. However, introducing correction factors by some researchers points to ongoing development in the area of adhesive shear modulus measurements.
CONCLUSIONS
Results from the adhesive shear tests performed validate the following conclusions: 1. The combination of sandblasting with the FPL process as an aluminum surface preparation prior to bonding positively affects the shear strength of the joint. Coupons prepared with the use of the FPL process showed 35% and 48% increase in shear strength measured via D1002 and D5656 test methods respectively, compared to coupons after sandblasting only. 2. The FPL treatment has a positive influence on joint uniformity. For both tests, the series of coupons that were treated using the FPL process showed lower coefficients of variations 
